The constant photocurrent method in the ac-mode (ac-CPM) is used to determine the defect density of states (DOS) in hydrogenated microcrystalline silicon ( c-Si:H) prepared by very high frequency plasma-enhanced chemical vapor deposition (VHF-PECVD). The absorption coefficient spectrum (ac-˛.h //, is measured under ac-CPM conditions at 60 Hz. The measured ac-˛.h / is converted by the CPM spectroscopy into a DOS distribution covering a portion in the lower energy range of occupied states. We have found that the density of valence bandtail states falls exponentially towards the gap with a typical band-tail width of 63 meV. Independently, computer simulations of the ac-CPM are developed using a DOS model that is consistent with the measured ac-˛.h / in the present work and a previously measured transient photocurrent (TPC) for the same material. The DOS distribution model suggested by the measurements in the lower and in the upper part of the energy-gap, as well as by the numerical modelling in the middle part of the energy-gap, coincide reasonably well with the real DOS distribution in hydrogenated microcrystalline silicon because the computed ac-˛.h / is found to agree satisfactorily with the measured ac-˛.h /.
Introduction
Recently, hydrogenated microcrystalline silicon ( c-Si:H) has attracted considerable interest for use in optoelectronic applications. As compared to hydrogenated amorphous silicon (aSi:H), it offers a higher stability against light degradation and a wider absorption bandwidth that extends into the near infrared. The electronic properties and performance of hydrogenated microcrystalline silicon ( c-Si:H) films are correlated with the deposition parameters and the structural properties OE1 3 . It is in fact heterogeneous in nature, which leads to difficulties in explaining its electronic transport properties. Therefore, the detailed knowledge of the density of states (DOS) in c-Si:H is of great importance to understand the transport mechanism. However, since c-Si:H is a phase mixture of crystalline and amorphous regions separated by grain boundaries and voids, little is known about the nature and the energy distribution of the DOS. It is, therefore, not surprising if there is no conclusive DOS map. Sub-band gap absorption spectroscopy, such as the constant photocurrent method (CPM) OE4 6 , photo-thermal deflection spectroscopy (PDS) OE5; 7 and dual beam photoconductivity (DBP)
OE8 , have been used to determine the DOS in the lower energy range of the band gap near the valence band, whereas the transient photoconductivity (TPC) has been used to determine the DOS in the upper energy range of the gap, close to the conduction band. On the simulation side, great effort was deployed to model the TPC in c-Si:H OE9 , while modeling has been less employed to elucidate the experimental results of the CPM technique in c-Si:H, particularly in the ac mode.
In the present work, we have used the constant photocurrent method in the ac-mode (ac-CPM) to measure the absorption coefficient spectrum (ac-˛.h // in very high frequency plasma-enhanced chemical vapor deposition (VHF-PECVD) prepared c-Si:H and we have applied the derivative method of Pierz et al. OE10 to convert the measured data into a DOS distribution in the lower part of the energy-gap. We have completed the c-Si:H DOS model in the upper part of the energy-gap and around the mid-gap by using previous DOS data based on transient photocurrent (TPC) spectroscopy OE11 , and by a Si:H-like dangling bond defect DOS with appropriate parameters from References [12] [13] [14] [15] , respectively. On the basis of this complete DOS model, we have developed numerical simulations of the ac-CPM, taking into account both carrier types in the absorption and transport processes.
Theory
Photocurrent techniques detect optically induced transitions between localised levels in the band-gap and extended levels in the bands, which generates free carriers. This should allow us to determine, by appropriate spectroscopy methods, the density and energy position of the defect states within the forbidden optical gap. The CPM was introduced by Vanecek et al. OE5 . The basic idea of the CPM is to adjust the photon flux so that photoconductivity remains constant throughout the sample for all of the incident photon energies. Under these conditions, one ensures that the occupation of the electronic states is constant, as well as the concentration of the photo-generated carriers. Under these circumstances, the product remains constant for all of the used wavelengths. However, when the photocurrent is kept constant for all of the monochromatic photon energies h , the carrier lifetime is, in good approximation, also constant. Furthermore, the mobility assumed to be constant. The resulting absorption coefficient is dependent only on the incident photon flux and is given by:
where C is an energy independent constant. This constant, and .h /, are calibrated with the absolute absorption coefficient obtained from reflection/transmission measurements OE16 . Figure 1 illustrates the thermal and optical carrier transitions for the CPM for a uniform sub-gap illumination. While single level representation appears in the illustration, the DOS components CT, VT, D 0 , D and D C are energeticallydistributed. At room temperature, photoconduction is carried out by free carriers, and so the only transitions taken into account are those between localised states in the gap and extended states in the bands. In addition, because of their small probabilities, band-to-band transitions are ignored.
Numerical modelling
The thermal transition rates T have the following significance: T t.e/ n.p/=CBT.VBT/ .E/: Rates of electron (hole) trapping (emission) into (from) a level E at the conduction band tail (valence band tail). The trapping rate is a function of free n.p/ and trapped n t .p t / carrier densities following this relation:
where D t .E/ is the total DOS at level E and C n.p/ is the capture coefficient of the trapping state. Similarly, the emission rate is a function of trapped n t .p t / carrier densities following the relation:
where D CB.VB/ is the effective DOS at the conduction (valence) mobility edge E CB.VB/ (k B is Boltzmann constant and T the temperature). The optical generation rates G have the following significance:
Rates of electron (hole) generation from a level E at the valence band tail (conduction band tail). 
where K D 4.34 10 38 cm 5 eV 2 is a constant proportional to the momentum matrix element. We restrict our simulations to the ac-CPM, where the carriers are created by chopped optical illumination of photon energy h lower than the material energy-gap, and consider the case of a small signal. With reference to Figure 1 , the well known rate equations which control the photo-transport under any static or dynamic photoexcitation regime OE17 requires transferring to the frequency domain using the Fourier integral in the case of ac-CPM. To solve the ac-CPM equations, we divide the energy gap into N closely spaced energy levels E i , including the band edges E V D E 1 and E C D E N , so that the total number of equations to solve for the same number of variable densities
In modelling coplanar samples, it is common practice to assume a uniform electric field, perfect Ohmic contacts, and to neglect any transport driven by free-carrier diffusion. Under these assumptions, the continuity equation for holes is automatically satisfied when the continuity equation for electrons and the charge neutrality condition are fulfilled. We have developed a computer code to solve the system of equations using appropriate numerical techniques. As required by the CPM Figure 2 . ac-CPM set-up.
experiment, the photon energy h is varied and the ac photon flux magnitude˚a c is adjusted to keep the magnitude of the ac-photoconductivityˇq n O n C p O p ˇ, constant over the whole h range. The single transition ac absorption coefficient is then deduced as follows:
With 
The DOS distribution is calculated from the absorption coefficient, after Pierz et al. OE10 , using the derivative:
Experimental details
Microcrystalline silicon film 00c354 of thickness d D 0.42 m was prepared at Forschungszentrum Jülich Germany. The 00c354 film was deposited on Corning glass in a VHF PECVD system operating at 95 MHz, with a substrate temperature of 185 ı C, chamber pressure of 0.3 Torr, RF power of 5 W, and gas flow ratio r equal to 3% (r represents the silane concentration: silane to hydrogen gas flow ratio [SiH 4 ] / [SiH 4 C H 2 ]). Electrical contacts of 1 cm length and 0.05 cm separation were deposited to form a gap cell.
The CPM experiment allows us to measure weak absorption corresponding to the deep defects. This enables us to deduce the nature and the energy distribution of the deep defects in the gap starting from the measurement of the optical absorption coefficient. A schematic picture of the CPM experiment which has been used in this work is shown in Figure 2 . A halogen lamp was used as a light source. The monochromator with a grating of 600 grooves/mm and a filter wheel were used for scanning wavelength. An optical chopper was used for measurement at frequency of 60 Hz. The light intensity was monitored and the ac-photocurrent was measured by the same lockin amplifier. In the CPM, absorption coefficients are obtained as the inverse of the incident photon flux under constant photocurrent conditions. Absolute CPM spectra were obtained by monitoring the transmitted photon flux following the procedures described by Vanecek et al. OE5 . Data were then calibrated by reference to optical transmission measurements, through the use of the Ritter-Weiser formula OE16 . The DOS was obtained by differentiation of the absorption curve, as described by Pierz et al. OE10 .
Results and discussion
In Figure 3 , we have presented the measured absorption coefficient of the microcrystalline silicon thin film 00c354 at 60 Hz using the ac-CPM set up depicted in Figure 2 . Figure 3 shows that for values of photon energies less than 1.2 eV, the curve is viewing similarities to a defect tail because of the contribution of the amorphous phase.
By applying the derivative method of Pierz et al. OE10 on the measured ac-˛.h / of Figure 3 , we have been able to determine the density of states distribution above the valence band edge, as illustrated in Figure 4 .
It is found that the DOS have slowly decaying states for the valence band tail equals to 63 meV. Furthermore, we have developed a computer code to simulate the CPM in the case of a dynamic photo-excitation mode. The DOS distribution model for the 00c354 thin film used in our numerical modeling program of ac-CPM is compounded from three parts;
(1) For the lower part of the energy gap, above the valence band edge, the DOS distribution has a slope equal to 63 meV, as derived from the measured ac-CPM spectrum at 60 Hz. (2) For the upper part of the energy gap, below the conduction band edge, the DOS distribution is derived from previous data for the same material based on transient photoconductivity. The DOS is found to have a steeper tail for the conduction band tail equal to 30 meV OE9; 11:
(3) For the middle part of the energy gap, we have completed the DOS model by choosing the appropriate parameters close to the mid-gap according to hydrogenated amorphous silicon dangling bond defect model OE12 15 .
The following table summarizes the most important parameters of the c-Si thin film 00c354.
In Figure 5 we present the measured absorption coefficient at frequency 60 Hz using our ac-CPM set up and the simulated absorption coefficient at frequency 60 Hz using our source code. The two curves are in excellent agreement.
Therefore, we can conclude that the defect states distribution is obtained and we have been able to construct complete DOS distributions over a wide range of energies of our undoped c-Si:H thin film 00c354. The derived DOS is illustrated in Figure 6 . 
Conclusion
In the present work, the electronic properties of c-Si films have been studied by using ac-CPM. We have employed numerical modelling of ac-CPM to elucidate the experimental results. By analyzing the measured and simulated absorption coefficients, we have found that the density of valence band-tail states falls exponentially towards the gap with a typical bandtail width of 63 meV. Combining the information derived from experiment study and numerical simulation, a schematic picture of the whole DOS in energetic sense has been obtained. Our study indicates that both experimental and numerical simulations of the CPM are able to extract the whole density of localized states in c-Si:H films.
